We present a search for spatial extension in high-latitude (|b| > 5
INTRODUCTION
Extended γ-ray sources provide a unique probe into a plethora of physics topics ranging from the acceleration of relativistic particles and emission of high and very high energy γ rays to searches for new physics. Known astrophysical sources from which spatial extension has been observed at γ-ray energies include supernova remnants (SNRs, Aharonian et al. 2006; Acero et al. 2016b) , pulsar wind nebulae (PWNe, Grondin et al. 2013; Abdalla et al. 2017) , and molecular clouds (Strong et al. 1982; Aharonian et al. 2008 ). An additional extended γ-ray source class might be star-forming regions (SFRs), one of which has been identified so far with Fermi -LAT, namely the Cygnus Cocoon (Ackermann et al. 2011) . Furthermore, spatial extension at γ-ray energies has been detected from nearby galaxies such as the Magellanic Clouds (Ackermann et al. 2016b; Abdo et al. 2010a ) and M31 (Ackermann et al. 2017a) , as well as from the lobes of active galactic nuclei (AGN), such as Cen A (Abdo et al. 2010b) .
Extended γ-ray emission from otherwise point-like AGN could be due to electromagnetic cascades (Protheroe & Stanev 1993) . The γ rays interact with photons of the extragalactic background light (EBL, Hauser & Dwek 2001; Kashlinsky 2005) to form e + e − pairs (Nikishov 1962; Gould & Schréder 1967b,a; Dwek & Krennrich 2013) . The e + e − pairs can in turn inverse-Compton (IC) scatter photons of the cosmic microwave background (CMB), thereby initiating the cascade. The pairs are deflected in the intergalactic magnetic field (IGMF) and, depending on its strength and coherence length, an extended γ-ray halo can form around AGN, often referred to as pair halo beam-broadened cascades (Aharonian et al. 1994) . The cascade emission can also lead to an excess in the GeV regime of γ-ray spectra and the non-observation of this feature has been used to derive lower limits on the IGMF strength, or conversely on the filling factor of the IGMF (Neronov & Vovk 2010; Tavecchio et al. 2011; Dolag et al. 2011; Taylor et al. 2011a; Vovk et al. 2012 ). These limits depend on the activity time of AGN (Dermer et al. 2011; Finke et al. 2015) and on their intrinsic spectra (Arlen et al. 2014) .
Apart from the intrinsic extension of astrophysical objects, extended emission from unidentified γ-ray emitters that lack a counterpart at other wavelengths can be used to probe the nature of dark matter (DM). The observed Universe includes a significant component of matter that does not interact like any known field in the Standard Model of particle physics. Though solid observational evidence exists for the gravitational influence of DM from the earliest moments of the Universe's history to the present day, no direct measurements have been made (Zwicky 1933; Rubin et al. 1980; Olive 2003) . For instance, extended emission should be produced in the case of the annihilation or decay of weakly interacting massive particles gravitationally bound in virialized sub-structures of the halo of the Milky Way (e.g. Pieri et al. 2008; Kuhlen et al. 2008; Zechlin & Horns 2012; Mirabal et al. 2012) .
The above searches for source extension profit from the all-sky survey of the Large Area Telescope (LAT) on board the Fermi satellite, which detects γ rays with energies from 20 MeV to over 300 GeV (Atwood et al. 2009 ). It has discovered a wealth of γ-ray sources culminating in the two most recent γ-ray source catalogs: the Fermi Third Source Catalog (3FGL, Acero et al. 2015) and Third Hard-Source Catalog (3FHL, Ajello et al. 2017) . Together, these two catalogs contain more than 3000 sources. With the release of the latest event selection and reconstruction software, and associated analysis tools (Pass 8, Atwood et al. 2012) , the reconstruction of the photon arrival directions has improved significantly with a reduction of the 68 % containment radius of the point spread function (PSF) in particular at high energies (>10 GeV), as has been demonstrated by the 3FHL. In combination with an eight year dataset, this provides an improved sensitivity to search for spatial extensions.
This work follows several previous searches for spatially extended sources at GeV energies. Lande et al. (2012) reported the first systematic search for spatially extended sources in LAT data and identified 21 extended sources based on an analysis of 2 years of Pass 7 data. The most recent search for extended sources, the Fermi Galactic Extended Source Catalog (FGES), looked for new sources within 7
• of the Galactic Plane using 6 years of Pass 8 data above 10 GeV (Ackermann et al. 2017b ). This search reported 46 extended sources of which 8 were new extended sources with clear associations. Counting all FGES associated sources as well as sources found in other dedicated analyses the LAT has detected 55 extended sources.
We report here on the Fermi High-Latitude Extended Sources Catalog (FHES), a comprehensive search for spatially extended γ-ray sources above 5
• Galactic latitude using 7.5 years of Pass 8 data above 1 GeV. The FHES encompasses a complementary region of the sky to the FGES which only considered low Galactic latitudes. The FHES has a lower energy threshold than FGES because we remove the region of the Galactic Ridge where the emission coming from the interstellar medium is very large at 1 GeV. Due to its lower energy threshold, the FHES is also sensitive to source populations with softer spectra.
In Section 2, we discuss the Fermi -LAT instrument and the data set, sources and background models used for this analysis, as well as the methodology developed to build the extended source catalog. The catalog and a study of individual objects are described in Section 3. In Section 4, we turn to sources located at |b| > 20
• that show weak evidence for extension and present a source stacking analysis of AGN samples in the search of pair-halo emission. Due to the absence of a clear pair-halo signal, we derive limits on the IGMF in Section 5. Finally, we conclude in Section 6.
FERMI-LAT DATA AND ANALYSIS
The Fermi-LAT is a pair-conversion telescope. Incoming γ rays pass through the anti-coincidence detector and convert in the tracker to e + e − pairs. The charged particle direction is reconstructed using the information in the tracker, and the energy is estimated from depositions in the calorimeter. Detailed descriptions of the LAT and its performance can be found in dedicated papers (Atwood et al. 2009 (Atwood et al. , 2012 .
Data Selection
We analyze 90 months of LAT data (2008 August 4 to 2016 February 4) selecting P8R2 SOURCE-class events, which is the recommended class for most analyses and provides good sensitivity for analysis of point sources and extended sources.
1 The Pass 8 data benefit from an improved PSF, effective area, and energy reach. More accurate Monte Carlo simulations of the detector and the environment in low-Earth orbit (Atwood et al. 2012) have reduced the systematic uncertainty in the LAT instrument response functions (IRFs). We have selected events in the energy range from 1 GeV to 1 TeV, which is determined by the angular resolution at lower energies and declining acceptance with increasing energy. Each source is analyzed with a binned maximum-likelihood analysis using eight logarithmic bins per decade in energy and a region of interest (ROI) of 6
• × 6
• with an angular pixelization of 0.025
• . We summarize our data selection in Table 1 .
Within the different event classes, Pass 8 offers event types, subdivisions based on event-by-event uncertainties in the directional and energy measurements, which can increase the sensitivity of likelihood-based analyses. In this work, we use the set of four PSF event-type selections that subdivide the events in our data sample according to the quality of their directional reconstruction. Specifically, the data sample is split by event type into two data selections that are analyzed in a joint likelihood: evtype=32 (PSF3, which corresponds to the best quality of angular reconstruction) and evtype=28 (PSF0+PSF1+PSF2). We choose to combine the three worst PSF event types for computational efficiency. In Monte Carlo studies we found that PSF3 events provide most of the power for distinguishing between point-like and extended hypotheses. The data reduction and exposure calculations are performed using the LAT ScienceTools version 11-05-03 2 , fermipy (Wood et al. 2017 ) version 00-15-01 3 , and the P8R2 SOURCE V6 IRFs. We enable the correction for energy dispersion for all model components except the Galactic diffuse and isotropic components.
We perform an independent analysis on 2469 and 220 ROIs centered on the positions of the sources with |b| > 5
• listed in the 3FGL and 3FHL, respectively. Among the 3FHL sources considered, we exclude sources that have an association to a 3FGL source or an angular separation from a 3FGL source that is less than twice its 95% positional uncertainty. The analysis procedure is outlined in Section 2.2. The cut on Galactic latitude is chosen to avoid regions where systematic errors in the diffuse emission model could bias the measurement of the angular extension or produce spurious detections. We additionally exclude the following 3FGL and 3FHL sources:
• SMC (3FGL J0059.0−7242e)
• LMC (3FGL J0526.6−6825e) and four sources in the vicinity of the LMC (3FGL J0524.5-6937, 3FGL J0525.2-6614, 3FGL J0456.2-6924, and 3FHL J0537.9-6909)
• Cygnus Loop (3FGL J2051.0+3040e)
• Cen A Lobes (3FGL J1324.0−4330e)
Those sources have angular sizes that are comparable to, or significantly larger than, our chosen ROI size of 6
• . In the case of the LMC, Cygnus Loop, and Cen A Lobes these sources also have complex morphologies that are not well January 1, 00:00:00 UTC b Standard data quality selection with the gtmktime Science Tool approximated by the disk and Gaussian models that we use in the present work when testing for angular extension. Note that, while we exclude the LMC and SMC from our analysis, we model the emission from these regions using the spatial templates from the 3FHL. Our sample includes four sources that were modeled as point-like objects in the 3FGL but have subsequently been measured to have angular extension: Fornax A (Ackermann et al. 2016c ), SNR G295.5+09.7 (Acero et al. 2016b ), SNR G150.3+04.5 (Ackermann et al. 2016a) , and M31 (Ackermann et al. 2017a ). These sources were handled consistently with all other potentially extended sources in the fitting procedure.
For the Crab and CTA 1 pulsars (3FGL J0534.5+2201 and 3FGL J0007.1+7303), we use pulsar phase information to constrain pulsar emission in these regions. For CTA 1, we use an eight-year ephemeris derived from Pass 8 LAT data above 100 MeV (Kerr et al. 2015) . For the Crab Pulsar, we use an ephemeris derived from radio observations with the Jodrell Bank telescope (Lyne et al. 1993 ). 
ROI Model and Optimization
For each ROI, we start from a baseline model that includes sources from the 3FGL and standard templates for isotropic and Galactic diffuse emission. 5 We include 3FGL sources in a 10
• × 10 • region centered on the ROI. We model each 3FGL source using the same spectral parameterization as used in the 3FGL. The 3FGL uses one of three different spectral parameterizations depending on the source association and evidence for spectral curvature: power law (PL), log-parabola (LP), and power law with exponential cutoff (PLE). We switch to the LP parameterization for all PL sources detected in our analysis with Test Statistic (Chernoff 1954 ), (TS) > 100. This ensures that we have an accurate model for background sources that may show spectral curvature and comes without loss of generality since the PL is a special case of a LP. For extended sources, we use the spatial models from the 3FHL (Ackermann et al. 2017c ) that include new or improved spatial templates for some high-latitude extended sources including the LMC, Fornax A, and SNR G150.3+4.5.
An extended source could be characterized as a cluster of point sources in the 3FGL since the 3FGL does not include a criterion for distinguishing between point-like and extended emission. Therefore, we exclude from the baseline model 3FGL sources that are unassociated and have either TS < 100 or analysis flags indicating confusion with diffuse emission (flags 5, 6, or 8). Removing unassociated sources ensures that the characterization of new extended sources is not biased by the 3FGL sources included in the baseline model. If the unassociated sources are genuine point sources, they will be added back into the model in the course of the ROI optimization (see below).
Starting from the baseline model, we proceed to optimize the model by fitting the spectral and spatial properties of the model components. We illustrate the analysis procedure in the flow chart in Figure 1 . We first fit the spectral parameters (flux normalization and spectral shape parameters) of the Galactic interstellar emission model, model, and all sources in the model with an amplitude of at least one expected photon for the initial 3FGL model parameters. We then individually fit the positions of all point sources that are inside the ROI and > 0.1
• from the ROI boundary. When fitting the position of a source, we fix its spectral shape parameters but refit its normalization. After relocalizing point sources we re-fit the spectral parameters of all model components.
After optimizing the parameters of the baseline model components, we further refine the model by identifying and adding new point source candidates. The identification of new point sources is performed in two successive passes focusing on the outer (R > R inner ) and inner (R ≤ R inner ) ROI, where R is the angular distance from the ROI center and R inner = 1.0
• . Sources found to be significantly extended (having a test statistic of extension ,TS ext , > 16) are reanalyzed with R inner = 1.5
• to minimize bias from point sources that are confused with the target source. In the first pass, we look for point sources with R > R inner using a likelihood-based source-finding algorithm. We identify candidates by generating a TS map for a point source with a PL spectrum with a PL index Γ = 2. When generating the TS map, we fix the parameters of the background sources and fit only the amplitude of the test source. We add a source at every peak in the TS map with R > R inner and TS > 9 that is at least 0.5
• from a peak with higher TS. New source candidates are modeled with a PL if the source is detected with TS < 100 and a LP otherwise. Both the normalization and spectral shape (Γ for PL, and index α and curvature β for LP) parameters of new source candidates are fit in this procedure. We then generate a new TS map after adding the point sources to the model and repeat the procedure until no candidates are found satisfying our criteria (R > R inner , TS > 9). After completing the search for point sources in the outer ROI, we re-fit the normalization and spectral shape parameters of all model components.
In the final pass of the analysis we look for new point-source candidates in the inner ROI while simultaneously testing the central source for extension. The analysis proceeds iteratively as follows for two independent hypotheses that we denote as extension (extended source) and halo (extended source plus a superimposed point source):
1. We perform tests for extension (as described in the next paragraph) against the null model with n point sources in the inner ROI (n includes the source of interest but excludes 3FGL point sources included in the baseline model).
2. We derive a model with n + 1 point sources by searching for additional point sources with TS > 9 in the inner ROI using the same source-finding algorithm that was applied in the outer ROI optimization. If a peak with TS > 9 is found in the TS map, we add a new point source at this location. If more than one source candidate is found, we select the one with the highest peak TS. We then individually refit the source positions of the central source and any point sources added up to this iteration in the inner ROI starting from the source with the highest TS.
3. We repeat steps 1 and 2 until we find that the extension/halo hypothesis is preferred over a model with n + 1 point sources (according to the criteria in Equations 1 and 2), no point sources with TS > 9 are found in the source-finding step, or the number of iterations exceeds 5.
At each iteration n, we test for extended emission by comparing the likelihood of the hypothesis with a central point source and n additional point sources (L n ) with the likelihoods for two alternative hypotheses: replacing the central source with a symmetric 2D Gaussian (L n+ext ) and superimposing a 2D symmetric Gaussian on the central source (L n+halo ) (with n additional point sources). For the extended hypothesis, we replace the central point source with an extended source with the same spectral parameterization. We then perform a simultaneous fit of the position, angular size, and spectral parameters (normalization and shape) of the central source. In this fit, we free the normalization and spectral shape parameters of sources within 1.0
• of the central source and normalizations of sources within 1.5
• of the central source.
For the halo hypothesis, we add a new extended source component with position fixed to that of the central source with a PL spectral parameterization with index Γ halo that is independent of the central source. The normalization, index, and angular size of the halo component are left as free parameters. The normalization of the central source and all sources within 1.0
• of the central source are freed. We parameterize the angular size of the extended component with the intrinsic 68% containment radius, which we denote with R ext and R halo for the case of the extended and halo model, respectively.
To distinguish an extended source from a cluster of point sources, we compare models using the Akaike information criterion (AIC, Akaike 1974) given by AIC = 2k − 2 ln L where k is the number of parameters in the model. The formulation of the AIC penalizes models with a larger number of parameters, and hence minimizes overfitting. The best model will minimize the AIC. Models with fewer parameters are preferred unless a model with more parameters provides a substantially better fit. We define ∆ m as the difference between the AIC of the models with and without extension,
where m = ext (halo) for the extension (halo) hypothesis, L n+1 is the likelihood for the model with n + 1 point sources, L n+m is the likelihood for the model with extended emission, and ν X is the number of degrees of freedom of the given model. If ∆ m > 0, then a model with an additional point source is preferred over a model with extension. In cases where a bright extended source is superimposed on a fainter point source, the criterion defined in Equation 1 will tend to prefer the extended source model with n point sources even when a model with extension and n + 1 point sources gives a better fit to the data (smaller AIC). To distinguish this scenario, we define TS m+1 as twice the difference in the log-likelihood of extended source models with n and n + 1 point sources,
where L n+m+1 is the likelihood for the extended source model with n + 1 point sources. If no additional point sources are found in the subsequent iteration, then ∆ m and TS m+1 are undefined. For the extension and halo hypotheses, we select a best-fit model of the inner ROI with n point sources where n is the first iteration for which ∆ m < 0 and TS m+1 < 16 or for which no additional point sources are found (at a level of 3σ). Given the best-fit iteration n, the evidence for extended emission is evaluated from the likelihood ratio between models with and without an extended component,
Because the hypotheses are nested, we expect the test statistics for the extension and halo hypotheses (TS ext and TS halo respectively) to be distributed as χ 2 ν where ν is the difference in the number of degrees of freedom (ν = 1 and 3 for extension and halo hypotheses, respectively). We identify a source as extended if TS ext > 16. Sources that exceed the threshold for extension are additionally fit with a 2D disk morphology, and the Gaussian or disk morphology is chosen on the basis of the model with the largest likelihood.
We find that some extended sources are composites of multiple 3FGL sources which results in multiple analysis seeds associated to the same source. Where the same extended source is detected in multiple analysis seeds (spatial overlap of the 68% containment circle greater than 50%), we merge the analysis seeds into a single seed with position equal to the average of the seed positions. We then perform a new analysis of the source using the merged analysis seed and drop the original analysis seeds from the catalog. Six of the extended FHES sources were found to be composites of two or more 3FGL sources. Merging these seeds resulted in the removal of 15 of the original analysis seeds.
If we detect a point source with TS halo > 16, we create a new extended source and analyze the ROI with a model that includes both the point source and an extended component with the same morphological and spectral parameters as the best-fit halo. We then run the analysis pipeline on the extended component refitting both its position and extension. We convert the candidate halo into a separate extended FHES source if it is detected with TS > 25. Nine of the extended FHES sources are found by the search for extended halo emission.
Diffuse and IRF Systematics
The two primary sources of systematic error in our analysis are the instrument response functions (IRFs) and the Galactic interstellar emission model (IEM). We take the total systematic error from the larger of the errors induced by the IRFs and IEM. Due to the strong gradient in IEM intensity with Galactic latitude, IEM uncertainties are typically subdominant for sources with |b| > 20
• . Our nominal Galactic IEM is the recommended one for PASS8 source analysis which we denote as IEM-STD. IEM-STD is based on the IEM developed with P7REP data (Acero et al. 2016a ). IEM-STD has the same spatial distribution as the P7REP model but has been rescaled with a small, energy-dependent correction to account for the difference in the influence of energy dispersion in the P7REP and PASS8 data sets. To quantify the impact of diffuse systematics, we repeat our analysis with nine alternative IEMs: the eight models from Acero et al. (2016b) (IEM-A0 to IEM-A7) and the IEM developed for the study of diffuse emission in the inner Galaxy (IEM-B Ackermann et al. 2017c) . Because the models from Acero et al. (2016b) were developed with P7REP data, we apply the same energy dispersion correction that was used for IEM-STD to obtain models appropriate for PASS8 analysis.
To evaluate the IEM-induced systematic uncertainty on a fitted quantity P , we follow the method of Acero et al. (2016b) by calculating the dispersion between the nominal value obtained with IEM-STD and the value obtained with the nine alternative IEMs,
where P STD is the measured value obtained with IEM-STD and P i and σ i are the values and statistical uncertainties for P obtained with the nine alternative IEMs. The primary instrumental uncertainty relevant for studies of extension is the PSF. To evaluate the systematic uncertainty on the PSF, we consider two bracketing PSF models based on the recommended systematic error band for the PSF 68% containment radius. 6 We define the following piecewise scaling function for the relative PSF uncertainty versus energy:
This function defines a constant 5% error below 10 GeV that rises to 25% at 1 TeV. We note that the increase in the systematic uncertainty above 10 GeV is driven by the statistical precision of the in-flight validation sample rather than an observed discrepancy in the model of the PSF. We construct bracketing models of the PSF versus reconstruction angle and energy, P min (θ; E) and P max (θ; E), by scaling the average PSF, P (θ; E), with this function such that P min (θ; E) = P (θ × (1 + f (E)); E)(1 + f (E)) 2 and P max (θ; E) = P (θ × (1 + f (E)) −1 ; E)(1 + f (E)) −2 . Applying this model to sources detected with TS ext > 9, we find a median systematic error on the 68% containment radius of 0.005
• . With the exception of the brightest LAT sources, the systematic error is much smaller than the statistical error.
Source Associations
Because our seeds are taken from the 3FGL and 3FHL, we expect the majority of the FHES sources to have a direct counterpart with a source from at least one of these two catalogs. Rather than performing an independent search for associations, we assign associations by taking the association of the closest 3FGL or 3FHL counterpart. Positional uncertainties of both FHES point sources and extended sources are evaluated by fitting a paraboloid to log-likelihood values sampled on a grid centered on the best-fit position. The resulting positional error ellipse is parameterized by 68% uncertainties along the semi-minor and semi-major ellipse axes and a position angle.
For the FHES sources that are best-fit by a point source morphology, we identify the γ-ray counterpart by finding the nearest 3FGL or 3FHL point source with angular separation < 1.5 × θ 2 95,FHES + θ 2 95,X where θ 95,FHES and θ 95,X are the symmetric 95% positional uncertainties of the FHES source and 3FGL or 3FHL source respectively. Our association threshold, which is more inclusive than that used in previous LAT catalogs, is chosen to achieve a false negative rate 0.1%. The more inclusive association threshold is motivated by the fact that the data sets used for the FHES and the 3FGL are largely independent due to the difference in exposure and the transition from P7REP to PASS8. Where we find both a 3FGL and 3FHL counterpart, we take the source association and classification from the 3FGL.
For sources that have blazar associations, we take the blazar characteristics (redshift, optical class, synchrotron peak frequency) from the 3LAC (Ackermann et al. 2015) or 3FHL for sources with a 3FGL or 3FHL assocation, respectively.
Associations for the FHES extended sources are performed on a case-by-case basis by examining positional and morphological correlations with multiwavelength counterparts. In several cases we find that an extended source may be a composite of 3FGL sources. We identify a 3FGL or 3FHL source as a composite counterpart if it is encompassed within the intrinsic radius of the extended source and has no point-source counterpart in the best-fit model of the ROI. The associations and 3FGL counterparts for FHES extended sources are discussed further in Section 3.2.
Flux and Extension Likelihood Profiles
After obtaining the best-fit model for each source, we extract likelihood profiles that we use for the analysis of stacked samples (Section 4.4) and modeling of pair cascades (Section 5). The likelihood profiles are evaluated on a regular grid of parameter values x i by maximizing the likelihood with respect to a set of nuisance parameters (θ) at each point in the coordinate grid. The nuisance parameters that maximize the likelihood at each grid point are denoted withθ. The tabulated profile likelihood values are included in the LIKELIHOOD table of the FITS catalog file (see Appendix B). The likelihood profiles extracted for each source are:
• L ext (R ext ;θ): Likelihood versus angular extension (R ext ) of the source of interest (ext dloglike column in the LIKELIHOOD Table) . The scan in angular extension is performed on a logarithmic grid between 0.00316 • and 1.77
• .
• L halo (F halo , R halo , Γ halo ;θ): Likelihood for a halo component with a 2D Gaussian morphology and a PL spectrum parameterized by flux (F halo ), extension (R halo ), and spectral index (Γ halo Table) • L halo,i (F halo , R halo ;θ): Likelihood for a halo component with flux (F halo ) and extension (R halo ) in energy bin i (halo sed dloglike column in the LIKELIHOOD Table) . The likelihood is evaluated on a logarithmic grid in R halo with 15 steps between 0.0316 • and 1.77
• . Likelihood evaluation points in F halo are chosen individually for a given R halo and energy bin i to sample points around the peak of the likelihood function.
• L src,i (F ;θ): Likelihood versus source flux in energy bin i (src sed dloglike column in the LIKELIHOOD Table) .
Likelihood evaluation points in F are chosen individually for a given energy bin to sample points around the peak of the likelihood function.
For all likelihood profiles, the nuisance parameters include the normalizations of both diffuse components and all sources in the inner ROI. In the case of the likelihood versus extension, we also simultaneously fit the normalization and spectral shape parameters of the source of interest. Following the approach developed for DM analyses of the SMC and LMC (Buckley et al. 2015; Caputo et al. 2016) , when evaluating the likelihood profiles versus flux in a given energy bin i (L halo,i (F halo , R halo ;θ) and L src,i (F ;θ)), we fit the nuisance parameters while applying a prior on their values derived from the broadband (full-energy-range) fit. The profile likelihood is given by
where x are the parameters of interest, N is the normal distribution,θ j and σ j are the value and uncertainty on θ j obtained from the broadband fit. This prior constrains the amplitude of each nuisance parameter to lie within 5σ of its value from the broadband fit.
3. EXTENSION CATALOG As described in Section 2, this analysis searches for source extension using 3FGL and 3FHL point sources as targets. There are 55 known extended sources in these catalogs, which include the most current compilation of spatially extended LAT sources.
7 Most of these sources are Galactic supernova remnants (SNRs) and pulsar wind nebulae (PWN) and are well within the Galactic plane (|b| < 5
• ). At higher latitudes, extended sources are generally galaxies, for example the Magellanic Clouds, the lobes of Centaurus A and Fornax A.
From our analysis of 2689 seed positions, we identify 24 extended sources and 2520 sources consistent with a point-like morphology. The extended source list includes 23 with statistically significant extension (TS ext ≥ 16) and M31, which falls slightly below our detection threshold (TS ext = 15.5). M31 was previously detected as extended (Ackermann et al. 2017a ) and the measured extension from that work is in good agreement with this analysis.
Using the procedure outlined in Section 2.4 we find a γ-ray association for all but 70 of the 2520 FHES point sources. From the 220 seeds that are initialized with a 3FHL source, only five sources are not detected in our analysis or do not have a 3FHL association (note that if there is a 3FGL counterpart for a 3FHL source, we use the 3FGL source position). The unassociated sources have integrated fluxes between 4.3 × 10 −11 cm −2 s −1 and 1.1 × 10 −9 cm −2 s −1 with a median 2.5 × 10 −10 cm −2 s −1 which is a factor of ∼ 2 lower compared to the median of the full catalog (4.7 × 10 −10 cm −2 s −1 ). Table 2 summarizes the number of sources with a 3FGL or 3FHL association. FHES point sources without a 3FGL or 3FHL association are excluded from the search for angular extension and are not included in the online FHES data products.
A summary of the results of the spatial analyses for the extended sources is shown in Table 3 . In Table 4 , we show the measured properties of these sources (position, size, flux, and spectral index) with their statistical errors and systematic errors obtained with the nine alternative IEMs and the two bracketing PSF models. From the 24 extended sources reported in this work, 19 are newly detected. Nine of the newly detected sources were found via the halo test (indicated with a dagger in Tables 3 and 4) and do not have a direct counterpart in the 3FGL or 3FHL. The characteristics of the five previously detected extended sources obtained in this study are in agreement with those found in previous publications (references are provided in Section 3.1). Of the new sources, 5 have potential associations and the remaining are classified as unassociated. We have separated the unassociated sources in two categories based on the spectral index of their PL spectrum: Γ < 2.3 (hard) and Γ > 2.3 (soft) for the 2D Gaussian extension. The distinction between hard and soft sources is made because the soft sources might resemble a mismodeling of the Galactic diffuse emission which also has a soft spectrum.
We identify 8 of the 19 newly identified extended sources as "confused" indicating sources that may be spurious, that could be affected by systematic uncertainties in the IEM, or that are seen in the direction of HII regions. The ionized gas is not accounted for in the current IEM although it can significantly contribute to the diffuse γ-ray emission in the case of massive HII regions (Remy et al. 2017) . These sources are grouped into a separate section at the bottom of Tables 3 and 4 . We categorize a source as confused if TS ext falls below our detection threshold when analyzed with at least one of the alternative IEMs or if the fractional systematic uncertainty on the source flux exceeds 50%. We also categorize FHES J0430.5+3525 as confused based on a separate analysis with an IEM based on Planck dust maps (Abergel et al. 2014) . Finally, we characterize FHES J0000.2+6826 as confused after the inspection of the velocity-integrated map of H α emission from the Wisconsin H-Alpha Mapper (WHAM) Sky Survey. All but one of the confused sources are unassociated and four of them (FHES J0000.2+6826, FHES J0242.5+5229, FHES J0430.5+3525, and FHES J0940.6−6128) have soft spectral indices similar to that expected from Galactic diffuse emission. Note-Number of unassociated extended sources excludes sources classified as confused.
The format of the extended source catalog follows the previous Fermi -LAT catalogs. A FITS file with analysis results for all sources detected with TS > 16 is provided in the online supplementary material.
8 The format of this file is described in Appendix B. Figure 2 shows the distribution of FHES sources in Galactic coordinates. We note that all of the new extended sources are found at low latitudes (4 • |b| 20
• ) 9 , implying potential Galactic origin. We found the sources were generally associated with either SNRs or SFRs, the two exceptions being the ρ Oph Cloud, which was originally discovered by COS B at γ-ray energies (Mayer-Hasselwander et al. 1980 ) and was previously found as an extended object in γ rays (Lande et al. 2012; Abrahams et al. 2017) , and the Crab Nebula, which did not pass the extension criteria threshold in Ackermann et al. (2017b) . Fig. 3 shows the detected extension and extension upper limits for all the sources investigated in this analysis. We see that generally the extension upper limit is correlated with the flux. The outlier with the small extension and high flux is the Crab Nebula.
Known extended sources
The 5 sources in our analysis that are 3FGL point sources but have already observed extensions are:
• FHES J0043.1+4112: M31 (Ackermann et al. 2017a ),
• FHES J1626.9−2431: ρ Oph cloud (Lande et al. 2012; Abrahams et al. 2017 ),
• FHES J0426.4+5529: SNR G150.3+04.5 (Acero et al. 2016b; Ackermann et al. 2016a ),
• FHES J1208.7−5229: SNR G295.5+09.7 (Acero et al. 2016b ). 1.02 ± 0.22 ± 0.37 † Detected via halo test (no 3FGL or 3FHL counterpart). * Detected as extended in previous publication. ‡ Identified as spurious in previous publication.
Note-The TS column gives the test statistic for detection (likelihood ratio of models with and without the source). The TSext column gives the value of TSext obtained under the primary analysis and in parentheses the smallest value obtained under the bracketing PSF models or alternative IEMs. The class column gives the class designator (snr -Supernova Remnant, rdg -Radio Galaxy, pwn -Pulsar Wind Nebula, mc -Molecular Cloud, sfr -Star-Forming Region, gal -Galaxy). The model column indicates the best-fit spatial model for each source (G -Gaussian, D -Disk). Rext is the 68% containment radius of the best-fit spatial model (for the disk model Rext = 0.82R where R is the disk radius). The first and second errors on Rext are statistical and systematic, respectively.
These sources are included in Table 3 and their spectral and spatial properties are in agreement with the published results.
Individual Sources of Interest
Previously unidentified extended sources are discussed in further detail in Sections 3.2.1-3.2.7. These extended objects often encompass multiple 3FGL sources. We performed searches in archival radio, infrared, optical, UV, and X-ray data to look for potential associations. These surveys were accessed using SkyView.
10 Data include the IR band Table 4 . Measured properties of FHES extended sources with their statistical and systematic errors. 7.01 0.24 0.32 1.02 ± 0.22 ± 0.37 2.07 ± 0.11 ± 0.13 19.8 ± 3.8 ± 24.4 † Detected via halo test (no 3FGL or 3FHL counterpart). * Detected as extended in previous publication. ‡ Identified as spurious in previous publication.
Note-δθstat and δθsys are the statistical and systematic 68% positional uncertainties. The first and second errors on Rext, Index, and Flux are statistical and systematic. The systematic error is the larger of the IRF and IEM systematics. No systematic errors are given for the Crab Nebula position since no measurable change in the best-fit position was observed for either the bracketing PSF models or alternative IEMs. Rext is the 68% containment radius of the best-fit spatial model (for the disk model Rext = 0.82R where R is the disk radius). The Index column gives the spectral index for sources parameterized with a PL spectrum and the spectral slope at 1 GeV for sources parameterized with a LP or PLE spectrum.
from the Digital Sky Survey (DSS and DSS2); both the Low Frequency Instrument (LFI) on the Planck satellite at 30 GHz, 44 GHz and 70 GHz and the High Frequency Instrument (HFI) at 353 GHz; the K and K a frequencies (23 and 33 GHz respectively) on the Wilkinson Microwave Anisotropy Probe (WMAP ); the Sydney University Molonglo Sky Survey (SUMMS) at a frequency of 843 MHz; and finally the Westerbork Northern Sky Survey (WENSS) at a frequency of 325 MHz. We looked for potential associations to known sources in the TeV energy band with TeVCat 11 . For sources that we suspect to be associated with cosmic-ray interactions with the Interstellar Medium (ISM), we perform comparisons with maps of dust optical depth at 353 GHz (τ 353 ) from Planck Public Data Release 1 (Abergel et al. 2014) . Thermal dust emission has been shown to be correlated with components of the ISM and the Planck τ 353 map provides much better information than the ISM tracers used for the official Fermi IEM (Acero et al. 2016a) .
In this search for counterparts of the 19 sources previously not known to be extended, we found 5 sources with potential associations. These include sources in regions of SNRs that were previously undetected by the LAT (Sections 3.2.1 and 3.2.2), sources near the Cen A Lobes which extend beyond the current model based on WMAP data (Section 3.2.3), and one in the direction of the Crab Nebula (Section 3.2.4), which is the only source with an extension comparable to the systematic uncertainty on the IRFs. Three of the more tentative associations are found in SFRs and discussed in Section 3.2.5. Two of the confused sources have already been identified as spurious in previous publications (Remy et al. 2017) . The size of the marker is drawn to scale of the intrinsic 68% containment radius of the source. Labeled sources are those with a previously published detection of extension or an association to a multiwavelength counterpart. Blue circles indicate the position and angular size of the 53 known LAT extended sources that fell outside our latitude selection or were explicitly excluded from the analysis. The dashed lines indicate the boundary of the latitude selection.
Three unassociated extended sources have a spectral and spatial morphology that is consistent with SNRs or PWNe. These are further discussed in Section 3.2.6. The sources with soft spectra consistent with the Galactic diffuse emission are discussed in Section 3.2.7. With the exception of the possible SFR source FHES J0430.5+3525, sources identified as confused are not discussed further.
CTA 1: SNR G119.5+10.2 (FHES J0006.7+7314)
The SNR CTA 1 is located about 1400 pc away in the constellation of Cepheus and has an age estimated to be 1.3×10
4 yr (Slane et al. 2004 ). The pulsar, PSR J0007+7303, located within the SNR CTA 1, is the first γ-ray only pulsar discovered with the Fermi -LAT (Abdo et al. 2008) . The associated PWN has been detected at very high energy γ-rays with VERITAS (Aliu et al. 2013 ). In the first two years of LAT observations, extended emission was detected at the ∼2σ level which could have been related to the PWN. A subsequent LAT analysis of PSR J0007+7303 with over seven years of Pass 8 data found no evidence for extended γ-ray emission over the 0.3
• region encompassing the TeV source VER J0006+729 (Li et al. 2016) .
We perform this analysis in the off-pulse of the pulsar γ-ray emission using an eight-year γ-ray ephemeris and the phase interval φ ∈ [0.55, 1.05]. We include a point-source component at the location of PSR J0007+7303 (TS=153) to model the off-peak emission from the pulsar. The best-fit model also includes a new point source to the west of the PSR location. Li et al. (2016) identified this object as a variable source and found a probable association with the quasar S5 0016+73.
We find evidence for an extended γ-ray source FHES J0006.7+7314 that is correlated with the radio emission at best fit by a disk with R ext = 0.98
• ± 0.05
• . The γ-ray emission is somewhat larger in angular extent than the radio shell (D ∼ 1.5
• ) with a hint for elongation beyond the northern edge of the shell. The TeV γ-ray emission is located farther north, inside the incomplete radio shell and is also shown in the figure. There is an obvious difference in angular size between the TeV and GeV γ-ray emission. A similar morphology to the GeV emission is seen in ROSAT PSPC X-ray images of the region (Seward et al. 1995; Slane et al. 1997 ). In the right panel of Figure 4 we compare the Fermi -LAT spectrum of FHES J0006.7+7314 with the one of the VERITAS source, VER J0006+729. There is evidence for mismatch in the flux normalization observed between the two spectra even when taking into account the difference in angular size. This could indicate a spectral break at higher energies, or the observation of two separate sources. However, the spectral indices agree well with each other.
3.2.2. SNR G332.5−05.6 (FHES J1642.1−5428) SNR G332.5-5.6, located in the constellation Norma, is between 7000-9000 years old and is ∼3.4 kpc away (Reynoso & Green 2007) . It has been detected in radio and in X-ray wavelengths as an extended object with XM M − N ewton (Suárez et al. 2015) , Suzaku (Zhu et al. 2015) , as well as AT CA and ROSAT (Reynoso & Green 2007) . It was not detected in the first LAT SNR Catalog (Acero et al. 2016b) ; however, in the 3FGL (3FGL J1645.9−5420) it was classified as having a potential association with a SNR or PWN. X-ray observations show strong X-ray emission from the center of the remnant, which has similar morphology compared with the central radio emission. Neither a radio, an X-ray, nor a γ-ray pulsar has been found in the vicinity of SNR G332.5-5.6. Fig. 5 shows the TS map of the extended γ-ray emission in the region. We find the disk radius of FHES J1642.1−5428 to be 0.57
• ± 0.02
• and a spectral index Γ = 1.78 ± 0.12 ± 0.08, making it one of the hardest sources in the catalog.
Cen A Lobes (FHES J1325.3−3946 and FHES J1332.6−4130)
Cen A is one of the brightest radio sources in the sky and was first identified as a γ-ray source by COS B (Swanenburg et al. 1981) , and later by OSSE (Kinzer et al. 1995) and EGRET (Thompson et al. 1995) . It was also one of the Green contours show the map of radio continuum emission from the CTA 1 SNR measured at 1420 MHz (Pineault et al. 1997) . Cyan circle and cross indicates the angular extent (68% containment) and centroid of the TeV source VER J0006+729 (Aliu et al. 2013) . Right: Spectral energy distributions of FHES J0006.7+7314 from this analysis and the VERITAS spectrum of VER J0006+729. Upper limit points for FHES J0006.7+7314 are computed at 95% C.L. The orange marker shows the 99% upper limit from Li et al. (2016) on the energy flux between 10 GeV and 300 GeV measured within the 0.3
• angular extent of VER J0006+729. first γ-ray sources to be identified with a galaxy (NGC 5128) outside of our Milky Way (Israel 1998). Extending from the bright central source is a pair of radio lobes with a total angular extent of ∼10
• , which makes Cen A the largest non-thermal extragalactic radio source visible from the Earth. At a distance of 3.7 Mpc, it is the closest radio-loud galaxy. The radio lobes are approximately 600 kpc across. Extended γ-ray emission from the lobes as well as the radio core has been detected at γ-ray energies with the LAT (Abdo et al. 2010b ) and very-high-energy γ-ray emission has been observed with H.E.S.S. which is consistent with the core and inner jets only (Aharonian et al. 2009 ). The LAT γ-ray emission from the lobes is consistent with the morphology found with WMAP and with the 30 GHz Planck data (Sun et al. 2016 ).
In addition to the γ-ray emission which follows the 3FHL template of the lobes based on WMAP, there appears to be additional extended γ-ray components beyond the edge of the northern Cen A Lobe. Figure 6 shows a map of the Cen A region with the position and extension of the two FHES sources overlaid. We note that the analysis of these two sources was performed independently and the background models do not include the neighboring FHES extended source. However the optimization procedure partially compensates for excess emission outside the search region with the inclusion of point-source components. Given that the best-fit disk models of these two sources partially overlap, it is likely that these two sources belong to a single diffuse emission component associated with Cen A. Figure 7 shows the individual TS maps for the two sources with the two distinct regions around the north lobe: one directly north (FHES J1325.3−3946) and one west (FHES J1332.6−4130). We find the extension of the northern (western) source to be 1.46
• ± 0.06
• ) and the spectral index to be Γ = 2.22 ± 0.14 ± 0.08 (Γ = 2.08 ± 0.12 ± 0.04). These sources, in particular the western one, are harder than both the north and south lobes, which have spectral indices of Γ = 2.52 
Crab Nebula (FHES J0534.5+2201)
The Crab Nebula is a PWN associated with the young pulsar PSR J0534+2200, which is the compact remnant of a supernova explosion that occurred in the year 1054 AD, at a distance of ∼ 2 kpc (see e.g. Hester 2008 , for a review). In the 3FGL, the γ-ray emission from the Crab Nebula was decomposed into three components: an Inverse Compton component (IC; 3FGL J0534.5+2201i), a synchrotron component (3FGL J0534.5+2201s), and the Crab pulsar (3FGL J0534.5+2201). The point-like emission of the Crab Pulsar dominates the nebula at energies below 10 GeV while the IC component dominates above 10 GeV. Due to the strong degeneracy between the IC and pulsar components, it is not possible to obtain a stable fit to both components simultaneously. To constrain the contribution of the Crab pulsar, we perform an independent phased analysis of the region using a joint fit to on-(φ ∈ [0.0, 0.68]) and off-pulse (φ ∈ [0.68, 1.0]) selections in which we set the amplitude of the pulsar to zero in the off-pulse interval. With this analysis we obtain a best-fit PLE parameterization for the on-pulse pulsar emission with N 0 = 6.06 × 10 −9 cm −2 s −1 MeV −1 at 0.635 GeV, Γ = 2.24, and E c = 15.4 GeV. When fitting the extension of the Crab Nebula, we fix the spectral model of the pulsar to the one obtained from the phased analysis and remove the synchrotron component from the model.
Our analysis detects an extension of 0.030 The extension of FHES J0534.5+2201 is comparable to the LAT angular resolution (68% containment radius) for the best-reconstructed events at high energy (∼ 0.03
• for PSF3 events with E > 30 GeV) and is therefore particularly sensitive to systematic uncertainties of the LAT PSF model. Bracketing models for the PSF systematic uncertainty discussed in Section 2.3 were developed by comparing the nominal PSF model derived from Monte Carlo simulations of the detector with the angular distribution of high-latitude blazars.
Using a model that increases the size of the PSF according to Eq. (5), we find that TS ext drops from 42.7 to 11.7. In the right panel of Fig. 8 , we show the value of TS ext obtained for the sources with photon flux above 10 GeV larger than 5 × 10 −10 cm −2 s −1 . If the extension of FHES J0534.5+2201 arises from systematic errors in the PSF we would expect to see a trend toward increasing TS ext in higher flux objects; however, this was not observed. The BL Lac object Mkn 421, which has comparable flux to the Crab Nebula above 10 GeV, has TS ext of 2.2 and 0.0 for the nominal and bracketing model of the PSF, respectively. Given the absence of significant extension in high-latitude sources of comparable flux, we conclude that the measured extension is probably intrinsic to the Crab Nebula rather than the result of an instrumental artifact.
Furthermore, the measured extension of FHES J0534.5+2201 agrees well with predictions from simple synchrotronself-Compton models when the spatial extension of the photon densities is modeled with two-dimensional Gaussian distributions that emit synchrotron radiation in an homogeneous magnetic field (e.g. Hillas et al. 1998; Meyer et al. 2010) . In addition, the result is consistent with recent results from the H.E.S.S. Collaboration who measured an extension of 0.022
• of the inverse Compton component of the nebula above energies of 700 GeV (Holler et al. 2017) . SFRs are found in giant molecular clouds. These clouds collapse and produce stars of all spectral types, some of which are massive O-and B-type stars. Because of their relatively short life spans, the latter are found in higher densities in and near their parent SFRs. Those stars produce strong radiation fields, stellar winds, and supernova explosions that create large bubbles in the clouds. The density of SNRs in those regions is larger than the Galactic average. SFRs are thus expected to be sites of efficient cosmic-ray acceleration through different processes (Bykov 2014) . Models include diffusive acceleration by the shockwaves of SNRs (Caprioli 2015) and by the termination shock of massive stellar winds (Lang et al. 2005) , as well as stochastic acceleration by the magnetic turbulence induced by all those shockwaves (Bykov & Toptygin 2001; Maurin et al. 2016) . The Cygnus Cocoon is the only SFR firmly associated with an extended γ-ray source seen by the LAT (Ackermann et al. 2011) . It may be associated with the ARGO J2031+4157 source at TeV energies (Bartoli et al. 2014 ). Other SFRs have potential associations with GeV point sources, such as the G25.0+0.0 region (Katsuta et al. 2017) , NGC 3603 , and Westerlund 2 , but it is difficult to estimate the contribution from unresolved sources unrelated to cosmic-ray production in such complex regions, as was demonstrated for 30 Doradus in the LMC (Abdo et al. 2010e; Abramowski et al. 2015) . Other γ-ray sources detected beyond TeV energies are also tentatively associated with SFRs such as Westerlund 1 (Ohm et al. 2013) , and HESS J1848-018 (Chaves et al. 2008 ; de Naurois & H.E.S.S. Collaboration 2013). Our analysis finds three extended sources spatially consistent with the directions of SFR regions. They are described in more detail below.
SFRs present unique challenges for modeling the ISM and associated diffuse γ-ray emission. The intense radiation fields near OB associations give rise to sharp gradients in both dust properties and temperature. Both our standard and alternative IEMs use dust corrections derived from the Schlegel-Finkbeiner-Davis (SFD) map of Schlegel et al. (1998) . Generally, we have found a correlation between the sources listed in this section and the SFD maps, which trace the interstellar reddening related to the color excess, E(B-V). The SFD map uses a relatively coarse correction for dust temperature with an angular resolution of 0.7
• . In the vicinity of SFRs, where dust temperature can vary on much smaller angular scales, IEM models including SFD information have localized biases that can induce spurious sources (see e.g. Fig. 11 in Abdo et al. 2010c) or suppress real sources.
Because all of the alternative IEMs considered in Section 2.3 use the same SFD-based corrections, we are not able to evaluate the systematic uncertainties associated with these corrections. Comparison with IEMs derived from Planck dust maps would test this hypothesis directly. We have analyzed the three extended FHES sources associated to SFRs using an IEM with Planck -derived dust corrections that was fit to 8 years of Pass 8 LAT data. As demonstrated in Remy et al. (2017) , improved treatment of the IEM rules out some of these (FHES J0430.5+3525 for example) as extended sources. Additionally, we used results from the WHAM Sky Survey to see if any of these sources were spatially coincident with ionized gas missing from the IEM. We found that one source (FHES J0000.2+6826), which partially overlaps with NGC 7822, a SFR at a distance of 1 kpc with a diameter of ∼0.4
• (Quireza et al. 2006) , is also spatially coincident with a large region of H α emission.
FHES J0000.2+6826 is a soft-spectrum source (Γ = 2.72 ± 0.11 ± 0.07) which is best modeled by a disk with R ext = 0.98
• ± 0.04
The best-fit model encompasses four 3FGL sources. 13 . All four sources are unassociated and were measured in the 3FGL with indices between 2.4 and 2.7. The spectral indices of the 3FGL sources are consistent with the index measured for FHES J0000.2+6826 within one standard deviation. Figure 9 shows the comparison of the LAT TS map of the region with H α emission, SFD and Planck dust maps. Although there is no correlation with the cold dust (Planck ), a large deficit in the SFD map is observed in the southern part of FHES J0000.2+6826. This feature is not observed in the Planck map and is likely attributable to dust temperature variations within NGC 7822. The γ-ray map is best correlated with H α emission, coming from regions of ionized gas, which is not accounted for in the IEM. For comparison, we have also indicated the location of the dozens of O-and B-type stars in the region in Figure 9 . There appears to be an over-density of O and B type stars inside FHES J0000.2+6826, in particular, toward the southern edge of the source. As we can not rule out that the γ-ray emission is due to the ionized gas not accounted for in the IEM, we mark this source as confused.
FHES J0430.5+3525 is located near NGC 1579, a SFR at a distance of 700 pc (Kharchenko et al. 2013) . It is a soft-spectrum source (Γ = 2.59 ± 0.11 ± 0.05 ) which is best modeled by a disk with R ext = 1.11
• ± 0.10 ± 0.09
• . The best-fit model encompasses three 3FGL sources which do not have point-source counterparts.
14 FHES J0430.5+3525 is a composite of these three sources which are unassociated and also have spectral indices measured in the 3FGL between 2.4 and 2.7. Remy et al. (2017) found that this excess is due to dark neutral gas and when combining HI, CO and DNM gas components, the excess toward NGC 1579 disappears (See Fig. 7 of Remy et al. (2017) ). FHES J2129.9+5833 is located near IC 1396, which is a large and comparatively faint-emission nebula and SFR over 30 pc across, located about 735 pc away. It has an intermediate spectral hardness (Γ = 2.30 ± 0.12 ± 0.04) and is best modeled spatially by a disk with R ext = 1.09
• ± 0.13
• . The γ-ray emission appears to be located primarily in a comparatively low density region of dust, gas and stars as seen in Figure 10 . No obvious features are visible in either the SFD dust reddening or Planck dust optical depth maps of the region. There is a possibility that this is a newly found source belonging to a more common class of extended γ-ray emitters like SNRs or PWNe, and not necessarily emission from the SFR itself. There are over 30 SNRs and PWNe with known γ-ray emission generally found at lower latitudes, near the Galactic plane (Acero et al. 2016b) . Extragalactic SNRs were also detected in the Magellanic Clouds. In addition to the previously detected SNRs CTA 1 and SNR G332.5−05.6 discussed in Sections 3.2.1 and 3.2.2, we find two additional sources, one close to the Galactic plane at b = −4.8
• (FHES J1741.6−3917) and the other (FHES J1723.5−0501) at a higher latitude, b = 17.9
• , which is coincident with an unclassified radio shell. Furthermore, we identify one more source as a potential SNR candidate which, however, lacks a multiwavelength counterpart: FHES J2304.0+5406 at b = −5.5
• . FHES J1723.5−0501 is the highest latitude unassociated candidate, and its TS map is shown in Figure 11 (left). It encompasses a shell-like structure in the NVSS (1.4 GHz) image (Figure 11, right) and has an angular extent of R ext = 0.73
• ± 0.10 • ± 0.01
• and a hard spectral index (Γ = 1.97 ± 0.08 ± 0.06). The size of the radio shell (D ∼ 0.7
• ), seen best along the southwestern edge of the γ-ray emission, is comparable to the size of the FHES source. There are no previously known SNRs at this location. FHES J1723.5−0501 encompasses the unassociated source 3FGL J1725.0−0513 which does not have a point-source counterpart in our model of the region. Given its high latitude, we suggest that this source could be associated to a type Ia SNR since these are not necessarily located close to the regions of star formation. SN 1006 represents an example of a remnant of a type Ia supernova explosion detected in γ rays at high Galactic latitude (Condon et al. 2017 ). FHES J1741.6−3917 has a large angular extent (R ext = 1.35
• ± 0.03
and encompasses the known, radiodetected SNR G351.0−5.4 (de Gasperin et al. 2014) . However, the γ-ray emission appears to be much larger than the radio SNR. The TS map is shown in Figure 12 . It has a hard spectral index (Γ = 1.80 ± 0.04 ± 0.06), which suggests that it may be associated with a young, shell-type SNR similar to e.g. Tycho's SNR or Cas A (Abdo et al. 2010d; Archambault et al. 2017a) . FHES J1741.6−3917 is near to, or encompasses, three point sources that have direct 3FGL counterparts: 3FGL J1748.5−3912, 3FGL J1733.5−3941, and 3FGL J1747.6−4037. 3FGL J1748.5−3912 and 3FGL J1733.5−3941 are both unassociated sources. 3FGL J1747.6−4037 is located on the southern edge of FHES J1741.6−3917 and is associated to the millisecond pulsar PSR J1747−4036. We note that the characteristics of FHES J1741.6−3917 match well with the new γ-ray source G350.6−4.7 reported by Araya (2018) based on an analysis of eight years of LAT data. G350.6−4.7 is found at the same location (l = 350.6
• , b = −4.7 • ) with similar angular extent and spectrum (Γ = 1.68 ± 0.04 ± 0.14, R = 1.7
• ± 0.2 • ). In addition to the previous sources, we also found one new unassociated hard-spectrum source. The hardness of the spectrum for FHES J2304.0+5406 (Γ = 1.95 ± 0.08 ± 0.15) may imply an association with an SNR or PWN. However there is no clear overlap with known objects in the TeV, X-ray, and radio wavelengths in the considered multiwavelength surveys and catalogs. For this extended object, there are 3FGL and 3FHL sources within the 68% containment radius; however, both 3FGL/3FHL sources have point-source counterparts in our model. They are hence presumably unrelated to the FHES sources.
15
FHES J2304.0+5406 has a large angular extent (R ext = 1.58 ± 0.35 ± 0.17
• ) as seen in the TS map shown in Fig. 13  (right) . There is a nearby pulsar PSR B2306+55 (∼2 kpc away) at the northwest edge of the source. However, it is quite old (∼10 Myr), so any associated SNR would be too old to drive particle acceleration. Additionally, the pulsar has a relatively low spin-down power (7.3×10 31 ergs/s) which would be too low to power a γ-ray bright PWN (Acero et al. 2013 ). The remaining two soft-spectrum candidates have spectral indices which are similar to that expected for Galactic diffuse emission (Γ ∼2.7).
FHES J1501.0−6310 is best fit with an extension of size R ext = 1.29
• and a spectral index of Γ = 2.44±0.09±0.07. The TS map is shown in Figure 14 (left). Three 3FGL/3FHL sources have an angular separation d < R ext , namely 3FGL J1457.6-6249 (d = 0.53
• ), 3FGL J1503.7-6426 (d = 0.94 • ), and 3FHL J1507.9-6228e (d = 1.40
• ) which have spectra Γ = 2.45±0.12, Γ = 2.33±0.07, and Γ = 1.86±0.15, respectively. The source 3FGL J1503.7-6426 is classified as a blazar of unknown type while the other sources do not have a multiwavelength counterpart. 3FHL J1507.9-6228e is an extended source in our model that replaces 3FGL J1506.6-6219 and is represented spatially as a disk of radius 0.36
• . This source may be associated with the unidentified H.E.S.S. source HESS J1507-622 (Acero et al. 2011) that is located at the same position but has a smaller spatial extent (R = 0.15 ± 0.02
• ). The 3FHL/3FGL sources have harder spectra than the FHES source, yet the measured spectral index of the latter fits well with the spectral index of the H.E.S.S. source (Γ = 2.24 ± 0.16 stat ± 0.20 sys ) and the one found in a dedicated Fermi analysis of TeV detected PWNe which gave Γ = 2.33 ± 0.48 for energies above 10 GeV (Acero et al. 2013) . The 3FHL and H.E.S.S. source extensions are shown as cyan and yellow contours, respectively (Figure 14; left) . We also show the Planck dust optical depth contours (green contours). The FHES source encompasses the regions with high dust optical depth which are in the direction of the Circinus molecular cloud complex. FHES J2208.4+6443 comprises the two unassociated 3FGL sources (3FGL J2206.5+6451 with d = 0.25
• and Γ = 2.84 ± 0.25 as well as 3FGL J2210.2+6509 with d = 0.48
• and Γ = 2.48 ± 0.16). It has an angular extent R ext = 0.93
• ± 0.11
• and a spectral index of Γ = 2.78 ± 0.14 ± 0.15, making it the softest source in our analysis. Both 3FGL sources are unassociated. The FHES source is located within the Cepheus Bubble, which is a large region (D ∼ 10
• ) containing several SFRs (Ábrahám et al. 2000; Kun et al. 2008 ). Although not located within an SFR, FHES J2208.4+6443 is in the vicinity of several, the nearest being S140 (∼ 2
• south at the peak of the dust map), NGC 7129 (∼ 2
• north), and NGC 7160 (∼ 2 • east). We note that IC 1396, which is tentatively associated with FHES J2129.9+5833, is an SFR that also lies in the Cepheus Bubble. 
SEARCH FOR EXTENDED EMISSION FROM EXTRAGALACTIC SOURCES
All of the unassociated extended sources in our analysis are detected at Galactic latitudes |b| < 20
• , indicating a Galactic origin. We now turn to sources at higher latitudes. These are most probably of extragalactic origin. The most common extragalactic sources observed at γ-ray energies are blazars (radio loud AGN with their jets orientated closely to the line of sight). As discussed in Section 1 and further below, extended emission of blazars could be caused by secondary γ rays from electromagnetic cascades. Interestingly, some authors found evidence for extended emission around AGNs in analyses of Fermi -LAT data (Kotelnikov et al. 2015; Chen et al. 2015a ), while others did not detect any significant extension with combined Fermi -LAT and H.E.S.S. observations (Abramowski et al. 2014 ), VERITAS observations (Archambault et al. 2017b) , or Fermi -LAT data only (Neronov et al. 2011; Ackermann et al. 2013) .
Alternatively, extended γ-ray emission from unassociated sources could be due to a DM annihilation signal from sub-halos of the Milky Way. Searches performed on the unassociated 3FGL sources have yielded upper limits (Buckley & Hooper 2010; Ackermann et al. 2012) or are inconclusive (Mirabal et al. 2012) . Recently, however, two possible DM sub-halos were identified (Bertoni et al. 2016; Xia et al. 2017 ) on which we comment below.
High-Latitude Extended Candidates
To search for sub-threshold extended extragalactic candidates, we examine a sample of 1688 high-latitude point sources listed in the 3FGL and 3FHL with |b| > 20
• containing 1360 AGN and 328 unassociated sources. In composing this sample, we exclude high-latitude sources detected as extended (FHES J1325.3−3946, FHES J1332.6−4130, FHES J0043.1+4112, and FHES J0322.2−3710) and sources with pulsar assocations. At these high Galactic latitudes, the intensity of the Galactic diffuse emission is much lower and the effect of systematic uncertainties from the IEM should be less severe. We present in Tables 5 and 6 the five most significant sub-threshold candidates when ordering sources by TS ext and TS halo .
In the absence of systematic effects, we expect the null distributions of TS ext and TS halo to follow a mixture of χ 2 distributions. However modeling uncertainties can cause deviations from a purely statistical distribution. These uncertainties could include systematic uncertainties in the IEM and IRFs or the contribution of unresolved sources. Rather than model these systematic effects directly, we derive an empirical model for the null distribution by fitting a function to the measured distributions of TS ext and TS halo in our sample. We model the tail of the distributions with an exponential function given by,
where p 0 is the p-value for TS ext/halo > 9. We restrict our fit to the range of the TS distribution between 4 and 9 where the upper bound is chosen to avoid biasing the fit with the distribution of genuinely extended sources that may be detected with TS ext/halo > 9.
In Fig. 15 , we show the cumulative distribution of TS ext and TS halo against the best-fit parameterization derived with Equation 7. We find best-fit values of p 0 = 3.51 × 10 −3 and p 0 = 6.14 × 10 −3 for TS ext and TS halo , respectively. In the case of TS ext , we expect the distribution to follow χ 2 1 /2 (one bounded degree of freedom) which has a tail probability 1.35 × 10 −3 for TS ext/halo > 9. The larger than expected tail probability implies that IRF or modeling uncertainties are skewing the distribution toward higher TS ext values. In the case of TS halo , we expect the distribution to follow χ 2 3 /4 (three degrees of freedom with two bounded parameters). Here we observe a better match with the theoretical expectation. Using these parameterizations, we derive the values of p local shown in Tables 5 and 6 .
We note that the parameterization of Equation 7 ignores the potential influence of source properties (e.g. latitude, flux, or spectral hardness) on the distribution of TS halo and TS ext . Distributions of TS halo and TS ext for different subpopulations did not show a strong relationship with source properties and accounting for these differences in the parameterization would have had a small effect on the implied local significance. When examining all FHES sources, the largest effect was seen when comparing low-and high-latitude sources (|b| < 20
• and |b| ≥ 20 • ) where the distribution of low-latitude sources was found to be more skewed toward large TS values. This effect could be attributed to genuine sub-threshold sources of Galactic origin or the influence of residuals in the IEM. A similar effect was observed in the TS ext distributions of fainter (TS < 100) versus brighter (TS > 100) sources. This behavior is consistent with the greater susceptibility of faint sources to source confusion due to their higher spatial density.
The most significant candidates are 3FGL J0850.0+4855 with TS halo = 16.3 (3.6σ) and 3FGL J2142.2−2546 with TS ext = 10.6 (2.9σ). 3FGL J0850.0+4855 is associated with Low-synchrotron-frequency peaked (LSP) BL Lac object GB6 J0850+4855 with unknown redshift. 3FGL J2142.2−2546 is associated with PMN J2142−2551, an active galaxy of uncertain type (bcu class) with unknown redshift. Both objects are consistent with an intermediate extension (0.14 • and 0.5
• ) that could suggest confusion with a nearby sub-threshold point source. Although both sources have similar spectral indices (Γ ∼ 2.4), 3FGL J2142.2−2546 (the extension candidate) is detected with a much lower significance than 3FGL J0850.0+4855 (the halo candidate) (TS = 81.4 versus TS = 1771.4).
We evaluate the global significance of the two highest TS candidates by treating every object in the high-latitude sample as an independent trial such that the probability of observing an object with p local > p is 1 − (1 − p) N where N is the trials factor corresponding to the number of objects in our sample. Using a trial factor of 1688 for the number of sources in the high-latitude sample, we derive global significances for 3FGL J2142.2−2546 and 3FGL J0850.0+4855 of −1.5σ and 0.7σ, respectively. The most significant unassociated source is 3FGL J0434.3−1411c with TS ext = 9.2 (2.7σ) and a global significance of −0.4σ. We conclude that both are consistent with being drawn from our parameterizations for the null distributions of TS ext and TS halo .
High-Latitude Unassociated Sources
There are 328 unassociated objects in the high-latitude sample. With no obvious counterparts at other wavelengths, the γ-ray emission of these sources could be due to annihilation of DM particles in DM subhalos of the Milky Way. Due to the proximity of such subhalos to Earth, the emission could likely be extended. We find no evidence for an individual unassociated source with statistically significant extension.
Several other recent works have identified possible DM subhalo candidates among the sample of unassociated 3FGL sources. Bertoni et al. (2016) identify 3FGL J2212.5+0703 as an unassociated source that shows evidence for spatial extension of 0.25
• with a statistical significance of 5.1σ although they also find that a model with a second nearby point source provides an equally good fit to the data. Xia et al. (2017) identify 3FGL J1924.8−1034 as another potential DM subhalo candidate and report a significance for spatial extension of 5.4σ for a best-fit extension radius of 0.15
• . Our analysis finds no evidence for significant extension in either of these sources (TS ext ∼ 0). In both cases, a model with two close point sources is strongly preferred over one with angular extension (∆ ext = 11.9 and ∆ ext = 29.4 for 3FGL J2212.5+0703 and 3FGL J1924.8−1034, respectively). . The shaded region indicates the range of the distribution that was used to fit the parameterization. The red curve is the theoretical distribution for a likelihood ratio with the number of degrees of freedom of the given test.
Individual TeV-selected AGN
AGN with strong TeV emission are among the best candidates for secondary cascade emission because the amplitude of the cascade component is expected to be proportional to the fraction of the primary emission that is absorbed by the EBL. We consider the sample of 38 TeV-selected AGN compiled in Biteau & Williams (2015) which have all been detected above ∼ 100 GeV. The cascade component could appear as an extended component superimposed on the point-like emission of the AGN. Table 7 shows the analysis results for all objects in the TeV-selected AGN sample. No source shows evidence for extension with TS ext > 9 and upper limits on the angular extension lie between 0.02
• and 0.09
• . PKS 1510−08 shows a hint for a halo component with TS halo = 9.4 (2.6σ) where the significance is quoted prior to trial penalization. However, the halo model is only marginally preferred over a model with an additional point source (∆ halo ∼ 0). Using the model for the null distribution of TS halo derived in Section 4.1 and a trials factor of 38, we find a global significance for halo emission associated with PKS 1510−08 of 0.9σ.
Stacking analysis
Interest in stacking Fermi-LAT data to search for IGMF induced pair halos was partly triggered by the initial study of Ando & Kusenko (2010) , who found a hint of extension in the stacked images of 170 AGNs observed over 11 months. In their analysis, AGNs detected above 10 GeV at large Galactic latitudes, |b| > 10
• , were compared to an early version of the PSF based on ground-based beam tests as well as Monte-Carlo simulations. A comparison with the profile of the Crab Nebula by Neronov et al. (2011) nonetheless suggested an instrumental effect. This was further investigated by the Fermi-LAT collaboration (Ackermann et al. 2013 ) with an updated PSF based on on-orbit data, and using bright pulsars (Vela and Geminga) as control point-like sources. The AGN and pulsar extensions relative to the PSF proved to be consistent with zero in the 3-30 GeV energy range, where both samples contain ample statistics. More recently, Chen et al. (2015a) selected a priori a sub-set of 24 nearby high-synchrotron-peaked BL Lacs (HSP), which was searched for potential IGMF-induced extension, and compared with reference samples of 26 flat-spectrum radio quasars (FSRQs), as well as the Geminga and Crab pulsars. This yielded a 2.3σ indication for extension in the HSP sample around 1 GeV.
We search for extended emission by stacking 3FHL and 3FGL samples of AGN from which significant cascade emission could be expected. The considered samples are:
1. HSPs. We select HSPs with a synchrotron peak ν sync > 10 15 Hz. Such sources are promising emitters of veryhigh-energy γ rays necessary to induce the cascade. This selection leaves us with 299 sources.
2. Non-variable HSPs. In this sub-sample of the HSP sample, we further demand that the variability index in the 3FGL to be smaller than 100, which corresponds to a significance of less than 4.2 σ that the source flux is time variable. This reduces the sample to 258 sources. Cascade photons can arrive with a significant time delay (Plaga 1995) , and thus we exclude sources whose average flux might be dominated by strong flaring activity from which the cascade photons might not have reached Earth yet. 3. Close-by HSPs with z < 0.2. We also limit the first sample to close-by AGN as the cascade emission leads to a broader angular emission profile from closer sources (Ando & Kusenko 2010) . This additional cut reduces the sample size to 72 objects.
4. Extreme HSPs. As a further sub-set of the HSP sample, we only consider extreme HSP (XHSPs) with ν sync > 10 17 Hz that additionally show a large X-ray to radio flux ratio, F X /F R > 10 4 . The radio and X-ray fluxes are extracted from the 3LAC catalog. This criterion was identified in Bonnoli et al. (2015) as a promising tracer Table 8 . Analysis results for stacked object samples testing hypotheses of extension and halo emission. Note-The last two samples are control samples for which we do not expect to find any intrinsic extension. In the second column, N obj denotes the number of sources in the sample. The value of TSext in parentheses is the minimum obtained with the two bracketing models of the PSF (see Section 2.3). Rext and R halo are the best-fit intrinsic 68% containment radii obtained when fitting the sample with a Gaussian morphology and a Gaussian halo component, respectively. The Rext column includes the statistical and systematic (IRF) errors. We provide 90% C.L. limits on the Halo flux ratio f Halo since the halo is not detected in any sample. For easier comparison between the samples, the limits are provided for a fixed spectral index Γ halo = 2 and different values of the halo extension.
of sources that have a hard spectral index and thus are likely emitters of γ rays beyond multiple TeV. In total, there are 24 sources in this sample.
We also consider the same sample as in Chen et al. (2015a) (24 sources) and all TeV detected AGN listed in Biteau & Williams (2015) (38 sources). Additionally, we define two control samples for which we do not expect to find any evidence for extension:
1. Low-synchrotron-frequency peaked blazars (LSPs). This control sample contains a subset of low-synchrotronpeaked blazars (FSRQs, BL Lacs, and blazars of unknown type with ν sync < 10 14 Hz) with ν sync < 10 13 Hz. From predictions of the blazar sequence (Ghisellini et al. 2017) , such sources are unlikely to emit a significant amount of γ rays at the highest energies. The sample consists of 246 sources.
2. Pulsars. As a second control sample, we consider a population of pulsars. We exclude the pulsars CTA1 and the Crab, for which we have identified the PWN as extended or possibly extended and sources in the 3FGL with latitudes |b| <5
• . This leaves us with 89 pulsars.
For each sample, we sum the likelihoods of individual sources assuming common parameters for all sources. In the case of the extension hypothesis, the common parameter is R ext and we use 2D Gaussian spatial profiles (no disks) for all sources. For the halo, the common parameters are R halo , Γ halo and the ratio f halo between the point source and halo energy flux integrated between 1 GeV and 1 TeV. We find the best-fit parameters for R ext (R halo , Γ halo , and f halo ) for the extension (halo) hypothesis from the summed likelihoods. For the extension hypothesis, we repeat the procedure also with the likelihoods obtained from the bracketing IRFs. In the case of a non-detection of extension or halo, we report upper limits on R ext and f halo , respectively. For the halo case, we do so by fixing Γ halo = 2, which is in general the spectral shape expected for the cascade (e.g. Protheroe & Stanev 1993) , and fixing R halo to values of 0.1
• , 0.316 • , and 1.0 • . Thus, for both extension and halo we are left with one free parameter each. We calculate one-sided 95 % confidence limits on these quantities by stepping over them and profiling over the parameters of the other sources in the ROI until the summed likelihood changes by 2∆ ln L = 2.71.
We present the stacked TS values for a halo and extended emission for each sample in Table 8 together with the combined best-fit values of R ext and the limit values for f Halo , as well as the number of sources in each sample, N obj .
We find the highest TS ext values for the samples encompassing all HSPs and non-variable HSPs with best-fit values of R ext = 0.015
• ± 0.001
• and R ext = 0.017
• , respectively. The second uncertainty represents half the difference between the best-fit values when the different bracketing PSFs are used to estimate the systematic uncertainty (cf. Section 2.3). The extension is found to be consistent with uncertainties in the PSF.
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The interpretation is furthermore supported by the fact that samples containing bright sources show larger TS ext values. Indeed, the pulsar sample yields TS ext = 26.4, indicating again that the high TS ext value of the HSP sample is connected to the systematic uncertainty in the PSF modeling. In terms of a pair halo, the sources should not only be bright but also have a hard spectrum that extends well into the TeV range. However, the XHSP and TeV-selected AGN sample show lower TS ext values than the "pure" HSP samples.
Similarly, we do not find any evidence for halo emission in any of the stacked samples. In contrast to the extension model, none of the control samples show evidence for a halo component. We do not compute systematic uncertainties in the halo case, as this would be extremely computationally expensive as, in contrast to the extension case, the likelihood depends on R halo and Γ halo . We expect these systematic effects to be subdominant in the halo-hypothesis case compared to the statistical uncertainties. The reasons are the small flux of the halo component and the fact that most sources are located at high Galactic latitudes where uncertainties on the diffuse emission are less pronounced.
We cannot confirm the evidence for halo emission reported by Chen et al. (2015a) . The stacked analysis for the low-redshift TeV blazars used in their sample results in the lowest values for TS ext and TS halo of all samples considered.
LIMITS ON THE INTERGALACTIC MAGNETIC FIELD
With no clear evidence for an extension of individual blazars or stacked samples of BL Lac objects, we use the FHES to derive constraints on the coherence length, λ, and field strength, B, of the IGMF. We use both spectral and spatial information of the catalog as well as spectra from imaging air Cherenkov telescopes (IACTs) to derive these constraints. A significant source detection at very-high γ-ray energies with IACTs is essential for this study in order to probe the intrinsic spectrum in the regime where it is strongly affected by EBL absorption.
Source Selection
We again use the list of VHE-emitting sources compiled in Biteau & Williams (2015) to select sources detected both with the Fermi LAT and IACTs. We set aside five objects with uncertain redshifts (S5 0716+714, 3C 66A, PKS 0447-439, PG 1553+113, and PKS 1424+240). We further limit the sample to IACT spectra with a well-measured EBL cutoff, i.e. significant spectral points up to an optical depth τ > 2, assuming the EBL model of Domínguez et al. (2011) . In this way, we guarantee that we have sufficient statistics in the very-high-energy part of the spectra, which is most important to model the contribution from the cascade. Moreover, we exclude sources that show evidence for variability beyond the 4.2 σ level corresponding to a variability index larger than 100 in the 3FGL catalog. In this way, we also exclude sources whose flux level is dominated by flaring events and whose quiescent state is much lower than the average flux level. In the case that the same emission mechanism is responsible for γ rays at energies probed with the Fermi LAT and IACTs, this cut implies that the IACT spectra are also a good representation for the average flux level. We further discard H 1426+428 since the Fermi -LAT measurement does not match that recorded with HEGRA during their 2000 observation, which implies that the source was in a different emission state in the past. We note that the HEGRA Collaboration reported two spectra for H 1426+428, one corresponding to observations in 1999-2000 and one to observations in 2002 (Aharonian et al. 2003) . These two spectra show a flux mismatch by a factor of 2.5, similar to that observed in X-rays, indicative of source variability. H 1426+428 has been detected again with VERITAS (Archambault et al. 2017b) , however, the spectrum is not yet published.
This selection leaves us with 9 BL Lac objects for which we have 15 IACT spectra for the IGMF analysis, as shown in Table 9 . All objects listed in this table are high-frequency peaked blazars with redshifts ranging from 0.105 to 0.287. Most of these sources have already been used in the past to set constraints on the IGMF (e.g. Neronov & Vovk 2010; Dermer et al. 2011; Tavecchio et al. 2011; Taylor et al. 2011b; Arlen et al. 2014; Abramowski et al. 2014; Finke et al. 2015) .
Modeling of the Cascade Emission
In order to model the expected cascade emission from these sources, we generate a library of cascade templates for different IGMF configurations using the ELMAG Monte Carlo code (Kachelrieß et al. 2012 ). This open-source code computes the observed photon flux (primary and cascade photons) by sampling an input intrinsic γ-ray spectrum of a source assumed to be viewed on-axis, i.e. θ obs = 0
• , using a weighted sampling procedure (see Kachelrieß et al. 2012 , for Table 9 . Spectra from ground-based instruments used in the IGMF study ordered by increasing redshift. From left to right: source name, redshift, right ascension and declination (J2000), name of the source, and variability index from the 3FGL catalog, experiment, observation period, and reference for the VHE spectra. Note-References: (1) Abramowski et al. (2013) , (2) details). Interactions with the CMB and EBL are taken into account, and we choose to trace all secondary particles with an energy ≥ thr , where thr = 100 MeV. Energy losses due to inverse-Compton scattering and synchrotron radiation are integrated out for < thr . The energy , observation angle ϑ, and time delay ∆t for the final γ rays reaching the observer are recorded in a multidimensional histogram. ELMAG adopts a simplified description of the IGMF, namely that its field strength is constant in cells that have a size equal to the coherence length. The e + e − pairs are deflected in a coherent manner in each cell. ELMAG uses the small-angle approximation (see Kachelrieß et al. 2012 , for details), i.e. the total deflection angle β can be accumulated following a random-walk approximation so that the emission angle α is related to the observation angle ϑ through α = β − ϑ (see Fig. 1 in Dolag et al. 2009) . If the total squared deflection angle exceeds π 2 /4, the deflection angle β of the cascade photons is randomized. This occurs when (Neronov & Semikoz 2009; Meyer et al. 2012 )
where B is the IGMF strength at z = 0, and z r is the redshift where the pair production takes place, producing secondary γ rays of energy . We note that this formula includes the (1 + z) 3 dependence of the IGMF, which is neglected in the used ELMAG implementation. Importantly, if β − ϑ > θ jet , where θ jet is the jet opening angle, the small-angle approximation breaks down and the photon is dismissed. Taking = 1 GeV and z r ≈ z, more and more photons are randomized and are consequently likely to be dismissed for deflection angles larger than θ jet for magnetic fields larger than ∼ 10 −15 G. Since θ obs = 0 • is assumed, the simulated cascades are symmetric in surface brightness and do not show the elongated features seen in 3D Monte Carlo simulations . As shown by Arlen et al. (2014) , an increasing viewing angle should increase the cascade contribution if the observed point-source spectrum is held constant. The rejection of high-angle photons is thus expected to yield conservative results.
We simulate the full cascade flux over a grid of redshifts and in bins of injected γ-ray energy ∆E between 100 MeV and 32 TeV (using 8 bins per decade) using the EBL model of Domínguez et al. (2011) . In each injected energy bin, we assume a power-law intrinsic spectrum with index Γ int = 2. We use a (8 × 8) logarithmic grid over the magnetic field and coherence length with B/G ∈ [10 −20 ; 10 −12 ] and λ/Mpc ∈ [10 −4 ; 10 4 ]. We thereby probe IGMF values for which hints have been claimed (Chen et al. 2015a,b) , and which are in a relevant range for astrophysical or primordial generation of the IGMF (Durrer & Neronov 2013) . We also study different jet opening angles θ jet = 1
• , 3
• , 6
• , 10
• . The corresponding bulk Lorentz factors for a conical jet, Γ L = θ −1 jet ∼ 60, 20, 10, 6, are broadly consistent with typical values inferred from broadband emission modeling of AGN. We assume that the sources have been active for a particular time t max and all cascade photons arriving with a time delay ∆t > t max are discarded. We test t max = 10, 10 4 , 10 7 years, where the first case corresponds to the conservative case in which blazars have only been active during a timescale comparable to the observation time with the Fermi LAT. AGN activity times are nonetheless estimated to lie between 10 6 and 10 8 years (Parma et al. 2002) , which is reflected by the maximum t max value tested, whereas t max = 10 4 years is our choice for an intermediate case.
In this way, we end up with a multi-dimensional cube for the cascade flux dN/d dΩ (in units per energy and per solid angle) in bins of observed energy , of observation angle ϑ that corresponds to the solid angle Ω, and of injected energy E for a source at redshift z with parameters S = (θ jet , t max ) and IGMF parameters B = (B, λ). We simulate N inj,j photons and calculate the yield y j of cascade flux per injected particle for narrow bins of injected energy ∆E j ,
where E j denotes the central energy of ∆E j .
17 We obtain the cascade energy flux per solid angle in an observed energy bin ∆ i for an arbitrary injected γ-ray spectrum φ(E, p) with parameters p by reweighting the yields y j with a weight w j , and summing the cascade flux over all injected energy bins j,
where lies within the i-th observed energy bin, and the weights are given by
The final cascade flux F casc,i in the observed energy bin ∆ i (the same energy binning is used as in Section 2) is then obtained by integrating over the entire solid angle filled by the cascade, Ω casc ,
The dependence of F casc,i on p is introduced through the weights w j . Additionally, the 68 % containment radius R casc,i (z, B, S, p) of the cascade is given through the relation
Note that R casc,i is, in general, also a function of observed energy, as well as the source and IGMF parameters.
IGMF Constraints
With the simulated cascades at hand, we are in a position to compare the theoretical cascade spectra and their spatial extension with the results of the extended catalog for the case of a source with a halo. For the analysis, we make the following assumptions in addition to the assumptions made for calculating the cascade flux F (discussed in the previous section):
1. The source flux does not vary over the observation time and the IACT spectra are good representatives of the average flux level of the sources.
2. The intrinsic spectrum for each source over the whole Fermi -LAT and IACT energy range can be parametrized with a single LP function with exponential cut-off. The observed spectrum is then obtained by multiplying the intrinsic spectrum by the EBL absorption, which is parametrized through exp(−τ (E, z)), where τ (E, z) is the optical depth, which we assume to follow the model of Domínguez et al. (2011) . The optical depth is a function of primary γ-ray energy and source redshift and is given by the same EBL model as we use for the ELMAG simulation. The observed spectrum is then given by the function
which has 4 free fit parameters, p = (N 0 , α, β, E cut ). We only assume concave spectra, i.e. β ≥ 0 and set E 0 = 1 TeV throughout. Enforcing β ≥ 0 should lead to conservative results for the cascade contribution as it will decrease the intrinsic source flux at high energies.
3. Accounting for the cascade contribution does not change the best-fit spectrum of the central point source in the entire Fermi -LAT energy band by more than 5 σ (see Section 2.5).
4. In each energy bin i, the spatial morphology of the cascade can be approximated with a 2D Gaussian halo component with 68% containment radius equal to that of the cascade, i.e. R halo,i = R casc,i .
5. The cascade is not suppressed by the dissipation of energy of the e + e − beam into plasma instabilities (the efficiency of these instabilities is a matter of on-going debate, see e.g. Broderick et al. 2012; Sironi & Giannios 2014; Menzler & Schlickeiser 2015; Chang et al. 2016) .
Given these assumptions, we can use the computed source likelihoods of the extended source catalog to constrain the IGMF parameters. The extraction of the likelihoods is described in Section 2.5. We use the SED likelihoods for the halo, L halo,i (F halo , R halo ) ≡ L halo,i (F halo , R halo ;θ|D) (given in the halo sed dloglike column in the catalog fits file, see Appendix B) which are provided as a function of the halo flux F halo , the 68 % containment radius R halo , for each observed energy bin ∆ i . Here, D denotes the data from the considered source, with the parameters θ of the other sources in the ROI having been already profiled over.
The likelihood for a cascade with flux F casc,i (calculated through Eq. (12)) and containment radius R casc,i is then simply given by
The catalog also provides the likelihood for the central point source in each energy bin, L src,i (φ(E i , p, z)) ≡ L src,i (φ(E i , p, z);θ|D) (in the src sed dloglike column in the catalog fits file, see Appendix B). For the likelihood of the IACT spectrum,
, we assume a normal distribution centered on the reported flux and a width equal to the flux uncertainty of the measured IACT spectrum (D IACT ). We neglect any contribution of the reprocessed cascade flux to the IACT spectrum, which is in general well justified given the source spectra and IGMF parameters under consideration. In the case that multiple IACT spectra are available for the same source (cf. Table 9 ), we test if the observed spectra are compatible with one another by fitting them with a simple power law. For sources where this is the case within 2 σ statistical uncertainties we use all the IACT data points simultaneously (1ES 0229+200, 1ES 1218+304, H 2356-309, 1ES 0414+009).
In order to find the best-fit intrinsic parameters p for a given IGMF and source, we maximize the product of the cascade and point source likelihoods,
As an example, we show the best-fit spectrum and cascade contribution for various magnetic-field strengths in the left panel of Figure 16 for 1ES 1101-232. In this example, we have assumed that the source has been active for t max = 10 7 years. This maximum value of t max yields the largest cascade contribution and the differences in the fit for the different IGMF values are most pronounced. As the magnetic field decreases, the contribution from the cascade becomes larger at lower energies. To compensate for this, the fit of the intrinsic spectrum (dotted lines) prefers lower values of the cut-off energy, E cut . For high B-field values, the fit is insensitive to the cut-off at the highest energies. In the right panel of Figure 16 , we show the containment radii R casc and the 68 % containment radius for the Fermi -LAT PSF for the event class PSF3. Only for the largest tested IGMF strengths does the halo size increase beyond the PSF. For B 10 −16 G, the halo appears point-like over the entire Fermi -LAT energy range. For this reason, the constraints are driven primarily by spectral features of the cascade. We show the same figure for the other considered blazars in Appendix A for the minimum and maximum considered activity times along with the best-fit parameters of the sources yielding constraints on the IGMF.
For each tested IGMF realization and selected source (fixing z and S), we maximize the likelihood of Eq. (16) by profiling over the intrinsic spectral parameters p and calculate the likelihood ratio test statistic
In the numerator,p denotes the best-fit nuisance parameters for fixed values of (B, λ), and the denominator gives the unconditionally maximized likelihood with maximum likelihood estimatorsB andλ. For all tested sources, we find that the best-fit parametersB andλ coincide with IGMF parameters that lead to a strong deflection of the e + e − pairs and consequently a suppression of the cascade flux. We therefore derive 95 % confidence lower limits on the IGMF by excluding parameters for which TS(B, λ) ≥ 5.99, corresponding to a χ 2 distribution with 2 degrees of freedom (B-field strength and coherence length). The limits for the individual sources are shown in the left panel of Fig. 17 for θ jet = 6
• and a conservative choice of t max = 10 years. Clearly, a number of spectra yield strong constraints and the lower limit of the IGMF lies between 10 −17 G and 10 −16 G. These constraints are driven by the L casc term in Eq. (16) as it gives the largest contribution to the TS(B, λ) values. The strongest constraints come from the observations of 1ES 0229+200, as well as the H.E.S.S. observations of 1ES 0347-121, H 2356-309, and 1ES 1101-232. The non-monotonic behavior of the limits of H 2356-309 can be explained with the fit stability, in particular the best-fit value for E cut . Less than 5 % of the tested parameter space is excluded for the combined VERITAS and H.E.S.S. spectrum of 1ES 0414+009, as well as for 1ES 1312-423 and RGB 0710+591, and we do not show these results here. Figure 17 . 95 % lower limits on the field strength of the IGMF for θjet = 6
• . Left: Exclusions for tmax = 10 years for individual sources. Right: Combined exclusion limits for different blazar activity times. The solid lines indicate the combined limits if the sources 1ES 0229+200 and 1ES 1218+304 are excluded from the sample. Above the blue dashed line, the small angle approximation adopted by ELMAG breaks down for an increasing number of cascade photons (cf. Eq. (8) where an energy of 1 GeV has been assumed for the cascade photons).
We derive combined limits on the IGMF by stacking the individual IGMF likelihoods of the individual sources. We consider only the six sources that yield strong constraints by themselves. The results for different choices of t max are shown in the right panel of Fig. 17 . Even for the most conservative case of t max = 10 years, we are able to exclude magnetic fields below ∼ 3 × 10 −16 G for λ > 10 −2 Mpc. If we additionally exclude the sources 1ES 1218+304 and 1ES 0229-200, for which evidence for variability has been found (Aliu et al. 2014) , the limits weaken only marginally for short activity times and by almost a factor of 5 for t max = 10 7 years (solid lines in the right panel of Fig. 17 ). For such long activity times, the limits improve by three orders of magnitude compared to t max = 10 years, limiting the B field to be above 3 × 10 −13 G. For such high B fields however, one can see from Eq. (8) that the small angle approximation adopted by ELMAG breaks down, which is indicated by the blue dashed line for cascade photons of = 1 GeV. Due to the fact that ELMAG randomizes the deflection angles for large deflections and discards the photons in case β > θ jet , the results for long activity times also depend on the assumed opening angle. Assuming θ jet = 1
• instead of θ jet = 6
• decreases the limits by a factor 1/2, as more photons are discarded. For θ jet = 10
• the results are comparable to θ jet = 6
• . This effect is not observed for t max = 10 years where the limits are independent of θ jet . We do not test the impact of different EBL models as we expect the difference in the limits to be negligible. This has been shown in a sensitivity study by Meyer et al. (2016) for the Cherenkov Telescope Array (CTA) that also utilized the ELMAG code and compared results for the EBL model of Domínguez et al. (2011) and Finke et al. (2010) . The slightly larger photon density of the Finke et al. model gives rise to more electron-positron pairs, estimated to be of the order of 5 % comparing the two EBL models above (Meyer et al. 2016 ). The resulting difference of the limits should consequently be small compared to the effect of the uncertain blazar activity time scales.
A larger impact on the limits is given by the systematic uncertainty of the energy scale of IACTs. This is commonly assumed to be of the order of ±15 %, however, a cross-calibration between the Fermi LAT and IACTs using the spectrum of the Crab nebula found the uncertainty to be of the order of 5 % (Meyer et al. 2010) . Nevertheless, recalculating the limits for θ jet = 6
• and t max = 10 years with a rescaling of the IACT energy scale by +15 % and −15 % results in B 4 × 10 −16 G and B 10 −16 G, respectively, for λ > 10 −2 Mpc.
Discussion of IGMF Constraints
Even for the extremely conservative choice of t max = 10 years, our results limit the IGMF to be larger than 3×10 −16 G for λ 10 −2 Mpc. Thereby, our results improve the limits derived by Finke et al. (2015) by more than three orders of magnitude, even though similar source sample and assumptions have been used (Finke et al. (2015) tested t max = 3 years and a maximum primary γ-ray energy equal to the highest energy data point of the IACT spectrum). One major difference is that Finke et al. (2015) use a semi-analytic calculation of the cascade (Dermer et al. 2011; Meyer et al. 2012 ) that only considers the first generation of the cascade. Repeating our analysis using the semi-analytic model in Meyer et al. (2012) , our limits weaken by a factor of five. The remaining differences can be explained by the very different analysis techniques used. In the present analysis, we simultaneously fit the intrinsic spectrum and the cascade contribution to the data, profiting from the results of the FHES derived in bins of energy. In contrast to that, Finke et al. (2015) exclude IGMF models that lead to an integrated cascade flux larger than the measured flux between 0.1 and 300 GeV. Therefore, the present analysis uses more information (spectral and spatial) and is consequently more sensitive to the cascade emission.
In contrast to Arlen et al. (2014) , we are able to rule out B = 0 with high significance. As noted in Finke et al. (2015) , Arlen et al. (2014) use EBL models with low photon densities, partly incompatible with lower limits on the EBL from galaxy number counts. More importantly, they allow for a spectral break at lower γ-ray energies and very hard spectral indices below a few tens of GeV. As a result, the point-source flux at these energies is strongly suppressed and the entire GeV flux is dominated by the cascade. Such extreme assumptions are in tension with the assumption adopted here that the spectral parameters of the point sources are allowed to vary by maximally 5 σ in each energy bin from the broadband energy fit. However, we do allow for curvature in the spectra by using a log-parabola in addition to the exponential cut-off. As can be seen from Figures 16, 18, and 19 , large values of β are not preferred.
Under the assumption that the considered blazars have been active for more than 10 years, our limits agree with the values found in a recent study by the VERITAS collaboration (Archambault et al. 2017b) . The study places a lower limit on the IGMF strength which lies between ∼ 5 × 10 −15 and ∼ 7 × 10 −14 G (for coherence lengths larger than the inverse-Compton cooling length) due to the absence of a broadening of the angular distribution of γ rays from the source 1ES 1218+304. The limits also agree with H.E.S.S. measurements from PKS 2155-305 that ruled out IGMF strengths of (0.3-3) × 10 −15 G for λ = 1 Mpc (Abramowski et al. 2014) . Both of these studies assumed sufficiently long blazar activity times so that the pair halo could be observable with IACTs.
For an activity time t > 10 4 years, our analysis also excludes B field values suggested in Chen et al. (2015b) where hints for a helical IGMF was found from correlations of arrival directions of diffuse γ rays. It should be noted though that the cascade flux and spatial extension depends on the helicity of the IGMF, which is not included in the ELMAG 1D simulation (Alves Batista et al. 2016) . We can neither confirm hints for pair halos as found in Chen et al. (2015a) with our stacking analysis nor with our dedicated IGMF analysis, which rules out the values suggested therein. Likely reasons for this discrepancy are the use of the updated Pass 8 instrumental response and the usage of the dedicated PSF event classes in the present analysis (cf. Sec. 2). Furthermore, we run dedicated source finding algorithms, providing a complete modeling of each ROI, while the analysis in Chen et al. (2015a) relied on the 2-year LAT point source catalog.
The obtained limits are of the same order of magnitude as the projected exclusion limits for the future CTA presented in Meyer et al. (2016) , which, however, only took the spectral features of the cascade into account and only used simulated observations from 4 blazars.
CONCLUSIONS
We have presented the first Fermi catalog of high-latitude (|b| > 5
• ) extended sources (FHES) for energies between 1 GeV and 1 TeV. Using the improved Pass 8 event reconstruction and data analysis we are able to identify 24 extended sources, 19 of which are identified as such for the first time.
We are able to associate 5 of the 19 new sources with counterparts from multiwavelength catalogs. We identify two SNRs (SNR G119.5+10.2 and SNR G332.5−05.6) and emission beyond the WMAP template in the radio lobes of Cen A. We also find evidence for extension of R ext = 0.030
• ± 0.003
• from the Crab Nebula. Even though the detection is not significant when systematic uncertainties of the PSF are taken into account, it should be noted that the measured extension agrees well with predictions from synchrotron-self-Compton emission scenarios and is not observed in blazars with a similar flux above 10 GeV (Mkn 421, PG 1553+113, and PKS 2155−304). It is also in accordance with the extension recently reported by the H.E.S.S. collaboration (Holler et al. 2017) . Furthermore, we have found evidence for extended γ-ray emission towards three SFRs (NGC 7822, NGC 1579, and IC 1396) . However, NGC 7822 and NGC 1579 have been identified as spurious by limitations in the IEM. IC 1396 remains as a tentative association.
Three of the 5 unassociated newly discovered extended sources have hard spectra with Γ 2 suggesting an association to an SNR or PWN. However, our search for radio, X-ray, or TeV counterparts in archival data was inconclusive. Among these objects we identify FHES J1723.5−0501 and FHES J1741.6−3917 as the two most promising SNR candidates. Follow-up observations at other wavelengths are encouraged in order to identify the origin of the γ-ray emission.
None of the newly discovered extended sources are located at a Galactic latitude |b| > 20
• and the only extragalactic sources reported here have been previously identified as extended (including M 31, Fornax A, and the Cen A lobes). After correcting for trials, we do not find evidence for extended emission in high-latitude sources when considered individually or as a population. This is also true for the sample of 38 IACT-detected blazars in the sample of Biteau & Williams (2015) . Among the sources in this sample, PKS 1510−08 shows the strongest evidence for halo emission (TS halo = 9.4) which corresponds to a local significance of 2.6 σ. However, in this case, the model including a halo is only marginally preferred over the model with an additional point source in the ROI. The rather large TS values found for extension in stacked source samples of high-synchrotron peaked BL Lac objects are consistent with systematic uncertainties in the PSF. None of the unassociated sources above |b| > 20
• show evidence for extension and we cannot confirm the DM sub-halo interpretation of two 3FGL sources (Bertoni et al. 2016; Xia et al. 2017) .
Using the results of the extended source catalog, we are able to derive strong limits on the IGMF, limiting B 3 × 10 −16 G for λ 10 kpc for a conservative assumption on the activity time of the considered blazars of 10 years. The modeling of the extension performed here makes the results more conservative as we did not assume that the cascade emission is point-like. Compared to previous studies of the IGMF, our analysis uses both spatial and spectral information in the Fermi -LAT energy range and simultaneously fits the intrinsic source spectrum and cascade contribution. Even though the constraints are driven mostly by the spectral features caused by the cascade, the detection of pair halos remains a "smoking gun" signature of the IGMF that can only be addressed with a full modeling of the spectrum and the spatial source morphology. Using longer activity times of 10 4 (10 7 ) years improves the limits to B 9 × 10 −15 G (B 3 × 10 −13 G). For such large fields, however, the actual jet opening and viewing angle of the blazar become important to accurately model the halo. The influence of these effects in the limit of large field strength (B 10 −15 G) is not considered in the simplified 1D Monte-Carlo calculation used by ELMAG. Dedicated 3D Monte Carlo codes should be used in the future to search for the cascade emission at higher values of the IGMF to accurately model the source extension and take into account the viewing angle of the blazar Alves Batista et al. 2016; Fitoussi et al. 2017 ). Such an analysis should also re-examine our assumption that the point-source spectrum does not change by more than 5 σ when the halo component is derived. Further extensions could include more realistic models of the intergalactic field, including a full treatment of its turbulence spectrum (Caprini & Gabici 2015) and its helicity (Chen et al. 2015) . 1ES 0229+200, 1ES 1218+304, and H 2356-309, the IACT spectra are fitted simultaneously as they are not significantly different from each other.
In Figure 20 we show the r 68 extension of the halo is a function of energy for the case of t max = 10 7 years. For the smaller values of t max considered here, too many cascade photons are lost to lead to an extension beyond the Fermi -LAT PSF (shown by the dashed line).
Finally, in Table 10 , we show the best-fit parameters of all 6 spectra that lead to constraints on the IGMF for the B-field values plotted in Figures 18 and 19 for λ = 1 Mpc, t max = 10 years, and θ jet = 6
• . The table shows that for the high B-field values the best-fit parameters do not change but are very different for the B = 10 −20 G, the lowest B field considered.
B. CATALOG FILE FORMAT
Complete analysis results for all FHES sources are provided as a FITS file in the online supplementary material. The catalog includes all analysis seeds with a detection TS > 25. The catalog file contains three FITS tables:
• A CATALOG table with best-fit parameters and likelihood ratios (TS, TS ext , and TS halo ) for each source (see Table 11 )
• A LIKELIHOOD table with likelihood profiles versus flux and angular extension of the source of interest and a halo component (see Table 12 )
• A SCAN PARS table defining the grid values used in LIKELIHOOD table (see Table 13 ) a The source designation is the FHES name for extended sources and the name of the associated 3FGL or 3FHL source for point sources.
b If the source was found to be extended the measured position and position uncertainties from the FHES are given. If the source was found to be point-like position and position uncertainties are taken from the 3FGL or 3FHL.
c For sources best-fit with the disk model Rext = 0.82R where R is the disk radius. 
